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Abstract
Knowledge of magnetic symmetry is vital for exploiting nontrivial surface states of magnetic
topological materials. EuIn2As2 is an excellent example, as it is predicted to have collinear antifer-
romagnetic order where the magnetic moment direction determines either a topological-crystalline-
insulator phase supporting axion electrodynamics or a higher-order-topological-insulator phase
with chiral hinge states. Here, we use neutron diffraction, symmetry analysis, and density func-
tional theory results to demonstrate that EuIn2As2 actually exhibits low-symmetry helical antifer-
romagnetic order which makes it a stoichiometric magnetic topological-crystalline axion insulator
protected by the combination of a 180◦ rotation and time-reversal symmetries: C2 × T = 2′. Sur-
faces protected by 2′ are expected to have an exotic gapless Dirac cone which is unpinned to specific
crystal momenta. All other surfaces have gapped Dirac cones and exhibit half-integer quantum
anomalous Hall conductivity. We predict that the direction of a modest applied magnetic field of
H ≈ 1 to 2 T can tune between gapless and gapped surface states.
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Electrons attaining a nontrivial Berry phase due to symmetry-protected features in the
electronic band structure [1–4] and/or the presence of noncoplanar magnetic order [5–7] can
lead to astonishing topological physical properties such as dissipationless chiral-charge trans-
port, quantum anomalous Hall (QAH) effect, and axion electrodynamics [4, 8]. Whereas
topological-crystalline insulators (TCIs) are broadly defined as insulators with nontrivial
topological properties protected by crystalline symmetry, magnetic TCIs offer the possibil-
ity of tuning topological properties via manipulating the magnetic order [4]. Indeed, much
theoretical effort is focused on predicting magnetic crystalline materials with nontrivial topo-
logical states by considering symmetries associated with the magnetic space groups (MSGs)
describing their magnetic order [9–11]. A database with predictions for nontrivial topologi-
cal band structures based on MSG symmetries provides important guidance towards finding
new magnetic topological materials using high-throughput ab initio studies [11]. However,
an often limiting bottleneck is detailed knowledge of a candidate’s intrinsic magnetic or-
der, which is difficult to predict theoretically. Determining such order can be a subtle task
requiring significant experimental effort.
QAH and axion insulators (AXIs) are particularly attractive topological states as the for-
mer manifests quantized Hall conductivity in the absence of an applied magnetic field, and
the latter shares similarities with the axion particle in quantum chromodynamics [12]. AXIs
exhibit the topological magnetoelectric (TME) effect for which an applied electric field E
induces a parallel magnetization M or a magnetic field H induces a parallel electric polariza-
tion [4]. An AXI requires that the axion angle θ = pi in the action of axion electrodynamics
Sθ = θ
e2
4pi2
∫
dt d3rE ·B, which leads to the presence of half-integer QAH-type conductivity
on insulating surfaces [10, 13]. Here, B = µ0(H + M) is the magnetic induction, µ0 is the
permeability of free space, and e is the electron charge. θ is quantized to zero or pi in the
presence of either time-reversal T or inversion I symmetry, but also any other symmetry
operation that reverses an odd number of space-time coordinates [14].
Below we detail our discovery of low-symmetry broken-helix magnetic order in the mag-
netic TCI EuIn2As2. We find that the broken-helix order has 2
′ symmetry elements along
specific crystalline axes that lead to the emergence of an AXI in the absence of I and T ,
both of which are broken by the magnetic ordering. The 2′ symmetry elements are the result
of the combination of a 180◦ rotation (C2) and T : C2 × T = 2′, and protect gapless surface
Dirac cones that are not pinned to time-reversal-invariant momenta (TRIM). Surfaces not
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associated with a 2′ axis have gapped Dirac cones and exhibit half-integer QAH-type con-
ductivity. Our symmetry analyses and magnetization data predict that the surface states
are highly tunable by a modest field of H ≈ 1 to 2 T which is strong enough to polarize
the magnetic moments along its direction. This induces a gap and, depending on the field’s
direction, creates new unpinned gapless states on previously gapped surfaces.
Hexagonal EuIn2As2 [P63/mmc (No. 194) with lattice parameters a = 4.178(3) A˚ and
c = 17.75(2) A˚] is built of alternating Eu and In2As2 layers stacked along c as shown in Fig. 1c
[17, 18]. The magnetic Eu2+ (spin S = 7
2
) layers undergo antiferromagnetic (AF) ordering
at a Ne´el temperature of TN ≈ 18 K [19] which density functional theory (DFT) calculations
predict to be A-type [20]. A-type order is collinear, with the ordered Eu magnetic moments µ
ferromagnetically aligning in each layer and the layers stacking AF along c. Theory predicts
that depending on the orientation of µ, the A-type order leads to an AXI that is either
a TCI with some gapless surfaces or a higher-order topological insulator with chiral-hinge
states [19, 20]. Attractively, the ordered Eu moments may influence topological fermions in
In2As2 layers, providing a path for in situ control of band topology. The existence of A-type
order has yet to be experimentally verified, and we next detail our direct determination of
the magnetic order via neutron diffraction.
Figure 1a shows data for the (h0l) reciprocal-lattice plane taken below TN ≈ 18 K at
T = 6 K, and Fig. 1b shows data along the (00l) direction taken above and below TN at 30
and 6 K. Nuclear Bragg peaks occur in Fig. 1b at l = 2n positions for both temperatures
whereas magnetic Bragg peaks only appear in the 6 K data. Two AF propagation vectors
define the locations of the magnetic Bragg peaks: (1) peaks at l = 2n ± τ1z positions
correspond to τ1 = (0, 0, τ1z) with τ1z = 0.303(1); (2) nuclear-forbidden peaks at l = 2n+ 1
positions in Fig. 1b correspond to τ2 = (0, 0, 1) [16]. Within the (h0l) reciprocal-lattice
plane, magnetic Bragg peaks matching τ2 overlap with nuclear Bragg peaks with odd values
of l when the conditions h = 3n+ 1 or h = 3n+ 2 (n = integer) are satisfied. The predicted
A-type order would be consistent with magnetic Bragg peaks appearing only at positions
corresponding to τ2. However, the existence of additional magnetic Bragg peaks at τ1 reveals
the presence of more complex helical order.
Using magnetic symmetry analysis and Rietveld refinements to our data, we discover that
EuIn2As2 has the complex broken-helix AF order illustrated in Fig. 1d and Supplementary
Figure 3 [21]. It consists of ferromagnetically-aligned layers with µ ⊥ c that are helically
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Figure 1. Neutron diffraction determination of the broken-helix magnetic order. a, Data
for the (h0l) reciprocal-lattice plane measured at a temperature of T = 6 K with the CORELLI
spectrometer [15]. Bragg peaks from the single-crystal sample appear as dots, whereas Bragg peaks
due to the polycrystalline Al sample holder appear as rings centered at 0. b, Scans along the (00l)
reciprocal-lattice direction for 6 K (green) and 30 K (purple) made with the TRIAX instrument.
The 30 K data show Bragg peaks solely due to the chemical lattice, and the two sets of magnetic
Bragg peaks appearing in the 6 K data are labeled by the antiferromagnetic propagation vectors
τ1 = (0, 0, τ1z), with τ1z = 0.303(8), and τ2 = (0, 0, 1) [16]. c, Chemical unit cell of EuIn2As2 where
the numbers correspond to labeling in panel d. d, Layer-by-layer diagram of the 6 K broken-helix
order using the notation of the hexagonal chemical unit cell. The magnetic unit cell is actually
orthorhombic and is tripled along c with the aortho and bortho orthorhombic unit-cell axes lying
along [1¯10] and −[110], respectively. Each Eu layer is ferromagnetically aligned with the ordered
magnetic moments lying in the ab plane. The two symmetry-inequivalent magnetic Eu sites in
the magnetic unit cell are colored red (layers 1, 2, 4 and 5) and blue (layers 3 and 6). The
ferromagnetically-aligned moments in the blue layers are constrained by symmetry to lie along
[1¯10].
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stacked along c. We find that the orthorhombic MSG C2′2′21 (No. 20.33) describes the
symmetry, but for continuity we refer to directions with respect to the hexagonal chemical
unit cell. We find µ = 5.9(6) µB/Eu at T = 6 K, which is somewhat smaller than the
expected value of 7.0 µB/Eu and the saturation moment of µsat = 7.00(6) µB shown below in
Fig. 4b and in Supplementary Figure 9 [21]. However, the strong thermal-neutron absorption
of Eu may introduce systematic errors that affect the determined value of µ despite the
corrections employed to compensate.
To analyze the broken-helix order, we assume a tripling of the chemical unit cell since τz =
0.303(1) ≈ 1
3
and the relatively small incommensurability results in maximum disagreement
only at the 33rd Eu layer. Referring to Fig. 1d, we designate the two Eu crystallographic
sites in C2′2′21 as red and blue. This in turn indicates red and blue ferromagnetically-aligned
layers, and allows for defining the helix turn angles φrr and φrb between successive red-red
and red-blue layers, respectively. The MSG symmetry dictates that φrr + 2φrb = 180
◦ and
constrains magnetic moments in the blue layers to lie along [1¯10]. Our refinements find that
φrb = 129(4)
◦ at T = 6 K, and more details of the refinements are given in Supplementary
Figures 1–6 and Supplementary Tables I–III [21].
We simulate in Fig. 2a the integrated intensities for representative magnetic Bragg peaks
for different values of φrb using the determined MSG and µ ⊥ c. Magnetic Bragg peaks
corresponding to τ2 disappear as φrb → 60◦ (pure 60◦-helix order), whereas magnetic Bragg
peaks matching τ1 disappear as φrb → 180◦ (A-type order). We find that the pure 60◦-helix
order can be described by the higher-symmetry MSG P612
′2′ (No. 178.159) and that the
A-type order can be described by the higher-symmetry MSG Cm′c′m (No. 63.462). The
darker shaded area in Fig. 2a indicates the value of φrb at T = 6 K.
Figures 2b and 2c reveal the temperature evolution of the AF order. Figure 2b displays
the measured integrated intensities of the (2, 0, 2) ± τ1 and (2, 0, 1) magnetic Bragg peaks
scaled to 1 at T = 6 K. Two transitions are evident: the incommensurate magnetic Bragg
peaks corresponding to τ1 with τ1z ≈ 13 emerge at TN1 = 17.6(2) K and commensurate
magnetic Bragg peaks corresponding to τ2 appear at TN2 = 16.2(1) K. These transitions
also appear in the magnetic susceptibility, resistance, and 151Eu Mo¨ssbauer data shown in
Supplementary Figure 8 [21]. Figure 2c displays the temperature dependence of τ1 which
indicates that pure 60◦-helix order first emerges at TN1, and τ1z decreases upon cooling until
TN2 where broken-helix order emerges. This sequence follows the rightmost path in the
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Figure 2. Details of the broken-helix magnetic order. a, Simulations of the magnetic
neutron diffraction intensity for the (2, 0, 1) Bragg peak and the average of the (2, 0, 2)± τ1 Bragg
peaks as functions of the broken-helix turn angles φrb and φrr. b, Temperature dependencies of
the integrated intensity of the (2, 0, 1) Bragg peak and the average integrated intensity for the
(2, 0, 2) ± τ1 magnetic Bragg peaks measured on the CORELLI spectrometer and scaled to 1 at
T = 6 K. The inset displays the helix turn angles φ in the pure 60◦-helix phase (TN2 < T ≤ TN1)
and φrb for the broken-helix phase (T ≤ TN2). c, Temperature dependence of τ1 = (0, 0, τ1z) from
the average of the positions of the (0, 0, 6) ± τ1 magnetic Bragg peaks. In b, φ(T ) is calculated
from the temperature evolution of τ1z. φrb(T ) is calculated from the temperature dependence of
the ratio of the integrated intensity of the (0, 0, 5) magnetic Bragg peak to that of the (006) − τ1
magnetic Bragg peak. These data are from measurements made on the TRIAX spectrometer and
are shown in Supplementary Figure 7 [21].
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group-subgroup chart in Supplementary Figure 16 [21] which traces second-order magnetic
transitions from the paramagnetic state to pure 60◦-helix order to broken-helix order.
The inset to Fig. 2b shows the evolution of the helix turn angle φ below TN1. φ ≈ 60◦
at TN1 and slightly decreases upon cooling for TN2 < T < TN1. The small change from 60
◦
reflects the change in τ1z. For T < TN2, the broken-helix order emerges and the inset to
Fig. 2b plots φ = φrb, which is calculated from data shown in Supplementary Figure 7 [21].
φrb rapidly increases immediately below TN2 and approaches φrb = 130
◦ as T → 0 K. The
temperature evolution of φrb below TN2, while maintaining τ1z = 0.303(1), agrees with the
calculations in Fig. 2a showing that broken-helix order persists over a range of φrb.
Having established and described the emergence of complex helical order, we now discuss
and compare the impacts of broken-helix, pure 60◦-helix, and A-type order on the electronic
band structure and topology. First, similar to previous reports [20], our DFT calculations
and symmetry analyses find that A-type order creates an AXI state with inverted bulk bands
near Γ and an electronic band gap of ≈ 0.1 meV. Looking at the phase diagram in Fig. 2a,
we realize that by adiabatic continuation the magnetic symmetry can be lowered away from
the pure 60◦-helix or A-type ordered states by varying φrb while maintaining the constraints
that φrr + 2φrb = 180
◦ and ordered moments in the blue layers lie along [1¯10]. For example,
starting from A-type order, reducing φrb from 180
◦ immediately breaks the mirror and I
symmetries present in MSG Cm′c′m.
Using this adiabatic continuation approach, we find via DFT calculations that a full
band gap persists which does not close for any value of φrb. Figure 3a shows a diagram
of the Brillouin zone and Fig. 3b shows the calculated electronic bands for φrb = 130
◦.
Figure 3c focuses in on the gap region near Γ where band inversion is highlighted by green
bars denoting As 4pz orbital character, and Fig. 3d demonstrates that the inverted gap
remains for pure 60◦-helix order. Supplementary Figure 13 shows that this result holds for
other values of φrb spanning 180
◦ ≤ φrb ≤ 60◦[21]. Thus, the inverted gap remains across
all three magnetic orders connected by the internal parameter φrb and indicates that the
topological phase is robust to changes to φrb. In contrast, we find that bands cross the Fermi
level for the case of ferromagnetic order as shown in Supplementary Figure 13 [21]. This
opens the possibility of controlling the band structure by applying a magnetic field strong
enough to align µ along a single direction. This point is discussed further below.
With these results in hand, we now address why EuIn2As2 is an AXI in its magnetically-
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Figure 3. Bulk and surface electronic band structures for various magnetic ground
states. a, Hexagonal Brillouin zone and the projected (110) and (001) surface-Brillouin zones
with high-symmetry points (capital letters) and reciprocal-lattice axes (b1 = a
∗, b2 = b∗, and
b3 = c
∗ ) indicated. b, Bulk band structure along high-symmetry paths for broken-helix order
with φrb = 130
◦. EF is the Fermi energy. c,d, Views of the minimal gap region along the K-Γ-M
direction for φrb = 130
◦ (broken-helix order) (c) and φrb = 60◦ (pure 60◦-helix order) (d) . Green
vertical bars show As 4pz orbital character and indicate band inversion near the minimal gap. e–h
Surface bands for the (110) (e,f) and (001) (g,h) projected surfaces along high-symmetry lines for
φrb = 130
◦ (e,f,g). A Dirac cone exists on each surface, but the presence of a gap and whether or
not the cone is pinned to a time-reversal-invariant momentum (TRIM) depends on symmetry: a
gapless Dirac cone unpinned from a TRIM occurs for the (110) surface preserving the 2′ symmetry
axis. On the other hand, the (001) surface (g) has a gapped Dirac cone at Γ¯ due to the absence
of a 2′ axis and any other symmetry that reverses an odd number of space-time coordinates. The
surfaces with gapped Dirac cones support half-integer quantum-anomalous-Hall-type conductivity.
(h) The nonmagnetic calculation for the (001) surface which has a gapless Dirac cone pinned to Γ¯.
ordered phases despite the absence of I. We determine θ = pi in Sθ for the broken-helix order
by calculating that θ = pi in the presence of I for φrb = 180◦ (A-type order) and finding
that the parity-based symmetry indicator Z4 = 12
∑
k∈TRIMs(n
+
k −n−k ) mod 4 = 2, which also
indicates an AXI [10, 11, 20, 22]. Here, n±k ≥ 0 denotes the total number of filled bands
with parity eigenvalue ±1 at TRIM k. Since the band gap remains for 60◦ ≤ φrb ≤ 180◦,
adiabatic continuity ensures that θ = pi for all three magnetic structures, and, remarkably,
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the entire family of A-type, broken-, and pure 60◦-helix states are AXIs as long as the Fermi
energy resides in the band gap. It is the 2′ symmetry operator along [110] and [1¯10] for the
broken-helix order and along [110] and [100] for the pure 60◦-helix order that permits an
AXI in the absence of I [14, 21].
The presence of 2′ symmetry axes for the broken-helix order enforces an odd number of
gapless unpinned surface Dirac cones on the (1¯10) and (110) surfaces. More specifically, the
unpinned gapless Dirac cones occur on surfaces perpendicular to the 2′ axes. These exotic
topological surface states appear in the presence of 2′ because it reverses an odd number
of space-time coordinates [14]. Figures 3e and 3f show the surface band structure for (110)
wherein a gapless Dirac cone is seen which is offset from Γ¯ along Γ¯-X¯. This result contrasts
with the gapped Dirac cone at Γ¯ on the (001) surface shown in Fig. 3g. For the case of
no magnetic order, Fig. 3h shows a gapless Dirac cone on the (001) surface pinned to Γ¯.
These non-magnetic state calculations did not include the Eu 4f orbitals, and we find that
that Z4 = 1. This signals a strong topological insulator, rather than an AXI phase, for the
non-magnetic state.
The different topological surface states resulting from the presence or absence of 2′ sym-
metry leads to differing physical properties. To facilitate this discussion, Fig. 4a shows the
relationships between real-space and reciprocal-lattice directions, and the direction(s) of the
2′ axis/axes are listed in Fig. 4c for various magnetic states. For the broken-helix order, (001)
and other gapped surfaces without a 2′ axis exhibit half-integer QAH-type conductivity [4].
On the other hand, similar to a 3D topological insulator, the gapless surface Dirac cones
on (110) and (1¯10) support dissipationless charge transport where sweeping EF through the
Dirac point switches the handedness of the chirality associated with the itinerant charge.
Similar analyses of the surface states can be performed for the pure 60◦-helix and A-type
order phases. In particular, Fig. 4c shows that the pure 60◦-helix phase supports multiple
surfaces with an unpinned gapless Dirac cone. The consequences of the gapless Dirac cones
being exotically unpinned from TRIM, which require Kramer’s degeneracy, however, lacks
investigation.
Figure 4c also illustrates that the surface states are highly tunable by an external magnetic
field, and Fig. 4b shows that modest field strengths of H ≈ 1 to 2 T are sufficient to polarize
the Eu magnetic moments along any direction at T = 5 K. For example, the row in Fig. 4c
corresponding to broken-helix order indicates that a gapless completely unpinned Dirac cone
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Figure 4. Tuning surface Dirac cones via an applied magnetic field a, Diagram showing
real-space (denoted by brackets) and reciprocal-space (denoted by parentheses) directions for the
ab plane. The magnetic orthorhombic unit cells for broken-helix and A-type orders discussed in
the main text have their aorth and borth axes along [1¯10] and [110], respectively. b, Magnetization
versus magnetic field curves for a temperature of T = 5 K and the field applied either perpendicular
or parallel to c. c, A table indicating the 2′ axis/axes, the surface(s) containing a gapless Dirac
cone, and the location of the gapless Dirac cone on the the projected surface Brillouin Zone(s) (BZ)
for various zero-field and field-polarized magnetic states. The direction of the ordered magnetic
moment µ is indicated where appropriate. The results for the broken-helix and 60◦-helix phases
assume that the blue Eu layers lie along [1¯10].
exists only on the (1¯10) and (110) surfaces, and, therefore, all of the other surfaces have a
gapped Dirac cone. For a field-polarized state with µ ‖ [100], Fig. 4c indicates that only the
(010) surface has a gapless surface Dirac cone and its node is constrained to lie along Γ¯-Z¯.
Thus, a field provides an effective means for switching by inducing a gap in previously gapless
surface states while eliminating the gap in previously gapped surface states. Further, the
position of the node of the gapless Dirac cone can change from being completely unpinned
to being constrained to a line. Figure 4c also highlights the direct correlation between the
existence of a 2′ axis and gapless surface states. More details of our symmetry analyses
are given in Supplementary Table IV and the associated discussion in the Supplementary
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Information [21].
Finally, a true AXI state only occurs for insulating compounds, but resistance and angle-
resolved-electron-photoemission data for EuIn2As2 are consistent with it being a slightly
hole-doped compensated semimetal [19, 21, 23]. Thus, EF needs to be shifted into the bulk
gap for an AXI to be observed. Fortunately, the robust quantization of θ = pi with respect to
changes of φrb suggests that small perturbations to the magnetic order potentially caused via
tuning EF will not destroy the symmetry leading to an AXI state. Further, the fact that τ1 is
not exactly 1
3
does not invalidate our analysis, because the slight incommensurability should
enter into the calculation of θ as only a small perturbation. Investigations into growing
thin films may permit gating or strain to shift the chemical potential, and growth of films
on magnetic substrates may allow for simultaneous gating while facilitating magnetic-field
control of the topological surface states.
To conclude, our neutron diffraction data establish that complex helical magnetic order
emerges in EuIn2As2 upon cooling below TN1 = 17.6(2) K (pure 60
◦-helix order) and TN2 =
16.2(1) K (broken-helix order). Both of these helical orders create 2′ symmetry axes that
protect an AXI state in the absence of I. Our DFT calculations and symmetry analyses show
that the band topology is robust to changes of the helical turn angles, such that the magnetic
order can change from A-type, to broken-helix, to pure 60◦-helix order while maintaining
the same topological phase. We further find that the existence of 2′ symmetry axes protects
gapless Dirac cones on specific surfaces which are unpinned from TRIM and that the other
surfaces possess gapped Dirac cones and exhibit QAH-type conductivity. Our magnetization
results show that only a moderate magnetic field of H ≈ 1 to 2 T is necessary for tuning
the direction of the magnetic moment, which our symmetry analyses show can choose the
surfaces supporting gapless unpinned Dirac cones. This opens up the possibility for novel
device development as well as further research into the physical properties associated with
unpinned surface Dirac cones. For example, experiments exploring if these exotic surface
states can be moved in the surface Brillouin zone via pressure or strain may yield insight into
basic material interactions and reveal unexpected properties. The intrinsic low-symmetry
broken-helix magnetic order of EuIn2As2 offers an excellent opportunity to study and tune
exotic surface states in a magnetic topological-crystalline insulator.
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METHODS
Sample synthesis
Single crystals of EuIn2As2 were grown using a flux method similar to Ref. [17]. An initial
composition of Eu:In:As = 3 : 36 : 9 was weighed out and packed in fritted alumina crucibles
[24], followed by sealing in a fused silica tube. The prepared ampoule was first heated up
to 300◦C over 2 hours and held there for an hour, then heated up to 580◦C over 3 hours
and held there for 2 hours, and finally heated up to 900◦C over 10 hours followed by a 2
hour dwell. The intermediate dwells were to ensure maximum dissolving and incorporation
of the volatile elements into the melt. The final dwell was followed by a 48 hour cool down
to 770◦C, at which point excess flux was decanted using a centrifuge. This process yielded
plate-like crystals of EuIn2As2 with masses of a few milligrams.
Magnetization experiments
Magnetization measurements were made on single-crystal samples down to T = 2 K
under applied magnetic fields up to H = 5 T using a Quantum Design, Inc. Superconducting
Quantum Interference Device.
Neutron diffraction experiments
Neutron diffraction measurements were made on the TRIAX triple-axis spectrometer at
the University of Missouri Research Reactor, and on the time-of-flight (TOF) CORELLI
spectrometer at the Spallation Neutron Source at Oak Ridge National laboratory [15].
Single-crystal samples with masses of 4.5 and 11.6 mg were used on TRIAX and CORELLI,
respectively. The samples were attached to Al sample mounts and cooled down to T = 6 K
using closed-cycle He refrigerators.
The TRIAX experiments were performed in elastic mode with incident and final neutron
energies of Ei,f = 14.7 and 30.5 meV. So¨ller slit collimators with divergences of 60
′-60′-80′-
80′ were inserted before the pyrolytic graphite (PG) (002) monochromator, between the
monochromator and sample, between the sample and PG (002) analyzer, and between the
analyzer and detector, respectively. PG filters were inserted before and after the sample
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to eliminate higher-order beam harmonics. The sample’s (h0l) reciprocal-lattice plane was
aligned within the horizontal scattering plane. In order to collect data for purely nuclear
and magnetic Bragg peaks, a series of (h0l) reflections were recorded at T = 30 and 6 K,
i.e. significantly above TN1 and below TN2, respectively. Each Bragg peak was fitted with
a Gaussian lineshape in order to determine its integrated intensity (area), center, and full
width at half maximum. The magnetic signals of the low-temperature τ2 Bragg peaks were
then extracted by subtracting the integrated intensity of the 30 K nuclear contribution when
appropriate. A Lorentz correction (L = 1
sin 2θ
) was also applied to the integrated intensities,
and a correction for absorption was made using the mag2pol [25] software. The sample was
plate-like with approximate dimensions of 3 × 3 × 0.1 mm3. MSGs were determined using
the Bilbao Crystallography Server [26]. Refinements were made with fullprof [27].
CORELLI experiments were performed at several temperatures above and below TN1 and
TN2 with the (h0l) plane set horizontal. However, the spectrometer employs 2-D position-
sensitive detectors which allow for recording some Bragg peaks above and below this plane.
The TOF measurement technique employs a white neutron beam, and the sample was
rotated around its vertical axis at discrete intervals in order to cover a large swath of re-
ciprocal space. Individual Bragg peaks were obtained by performing cuts through the 2-D
maps recorded by the instrument, returning intensity versus Q profiles of the peaks. In-
tegrated intensities were in turn calculated by adding up all of the data points located in
the peak profile that were above background. To account for the pulsed beam’s non-linear
distribution of wavelengths, a normalization to vanadium scattering was applied. Data were
not corrected for the strong thermal-neutron absorption of Eu, because it introduced too
much uncertainty into the results due to the corrections depending on both the sample’s
orientation and the distribution of neutron wavelengths. As such, these data were not used
in our quantitative refinements.
Electronic-band structure calculations
Band structures using density functional theory with spin-orbit coupling were calculated
with the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional, a plane-wave ba-
sis set, and the projected-augmented-wave method as implemented in VASP [28, 29]. To
account for the half-filled strongly-localized Eu 4f orbitals, a Hubbard-like [30] U value
13
of 5.0 eV is used. For different helical magnetic structure with τ ≈ (0, 0, 1/3), i.e. the
hexagonal unit cell is tripled along the c axis with atoms fixed in their bulk positions. A
Monkhorst-Pack 12 × 12 × 1 k-point mesh with a Gaussian smearing of 0.05 eV including
the Γ point and a kinetic-energy cutoff of 250 eV have been used. To search for possible
band gap closing points in the full BZ, a tight-binding model based on maximally localized
Wannier functions [31] was constructed to reproduce closely the bulk band structure includ-
ing spin-orbit coupling in the range of EF ± 1 eV with Eu sdf , In sp and As p orbitals as
implemented in WannierTools [32].
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Supplementary Figure 1. Simulated magnetic neutron diffraction patterns for broken-
helix order with µ ⊥ c. a,b Simulated pattern for magnetic space group (MSG) C2′2′21 (a)
and MSG C2221 (b) with helical-turn angles φrr = −80◦, φrb = 130◦, and µ = 6.0 µB.
I. SINGLE-CRYSTAL NEUTRON DIFFRACTION EXPERIMENTS
A. TRIAX determination of the T < TN2 magnetic order
We first detail the symmetry analysis and magnetic space group (MSG) determination
procedures which utilized the Bilbao Crystallography Server [1] and simulations of diffraction
patterns made with mag2pol [2]. Combinations of two distinct magnetic phases individually
corresponding to τ1 [approximated to τ1 = (0, 0,
1
3
) ] and τ2 = (0, 0, 1) were discarded as they
returned spin-density-wave rather than local-moment type AF order. Local-moment type
1
AF order is more accurate than itinerant AF order based on our band-structure calculations
indicating that bands with significant Eu 4f character lie well below the Fermi energy EF.
Supplementary Table I. The Eu crystallographic sites in magnetic space group C2′2′21
(No. 20.33). Positions are given in the setting of the parent space group P63/mmc (No. 194)
with lattice parameters (a, b, 3c). mi are components of the ordered magnetic moment µ. This
table was created using the Bilbao Crystallography Server [1].
Atoms Coordinates with Magnetic Moments Multiplicity
mx, my, mz
(µB/Eu)
Eu(red)
(0, 0, 0 | mx,my,mz)(0, 0, 16 | my,mx,mz)
(0, 0, 12 | −mx,−my,mz)(0, 0, 23 | −my,−mx,mz)
4
mx = 2.42
my = 6.72
mz = 0.00
Eu(blue) (0, 0, 13 | mx,−mx,mz)(0, 0, 56 | −mx,mx,mz) 2
mx = −3.41
mz = 0.00
We next searched for a single MSG with symmetry elements leading to reflection con-
ditions consistent with both τ1 and τ2 that is also a subgroup of the paramagnetic grey
MSG P63/mmc1
′ (No. 194.264). We found that MSGs Cmcm (No. 63.457), Cm′c′m (No.
63.452), C2′2′21 (No. 20.33), C2221 (No. 20.31), and P21/m (No. 11.50) are consistent with
both propagation vectors. Note that additional MSGs are consistent with these propagation
vectors but require further symmetry reductions and were thus disregarded. We ruled out
Cmcm, Cm′c′m, C2221 and P21/m by simulating diffraction patterns for both µ ⊥ c and
µ ‖ c and comparing them to T = 6 K data. Examples of simulated profiles are shown in
Supplementary Figure 1 which can be compared to 6 K diffraction data in Supplementary
Figure 2a. In particular, Supplementary Figure 1 illustrates the clear difference between the
relative heights of commensurate and incommensurate magnetic Bragg peaks for C2′2′21
and C2221, revealing the incompatibility of the latter with the 6 K data in Supplementary
Figure 2a. We are thus left with C2′2′21 as the MSG for the T < TN2 AF order. Supplemen-
tary Table I shows the positions for the two Eu sites [referred to as Eu(red) and Eu(blue)] in
C2′2′21 assuming a tripling along c of the hexagonal chemical-unit cell. Constraints imposed
by the MSG on the orientation of the ordered magnetic moment associated with each Eu
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Supplementary Figure 2. Diffraction patterns from measurements made on CORELLI
and TRIAX. a Line cuts of CORELLI data along (10l) collected at T = 6 (black), 16.3 (red)
and 22 K (cyan). For clarity, a 250 counts/minute offset has been applied. The 16.3 (blue) and
6 K (green) data not offset are the results of subtracting off the 22 K data in order to visualize the
magnetic diffraction. b (00l) line cut collected on TRIAX at 6 (black) and 16 K (red).
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Supplementary Figure 3. Diagram of the broken-helix order. The ordered moment lies
⊥ [001], and the ferromagnetically aligned Eu layers are labeled red or blue, with the blue layers
constrained to point along either [1¯10] or −[1¯10]. φrr and φrb are the helical-turn angles between
successive red-red and red-blue layers, respectively.
site are also indicated.
We next detail the steps of the refinements. Examples of TRIAX data not corrected for
neutron absorption are shown in Supplementary Figs. 2b and 4. Supplementary Tables II
and III list the Bragg peaks used for the refinements along with their integrated intensities
and the corresponding absorption-corrected values. First, a single-crystal refinement to
the absorption corrected T = 30 K data [corresponding to the paramagnetic (PM) phase]
using the known chemical structure of the material [3, 4] was performed where solely the
scale factor was allowed to vary. The magnetic structure was then refined using the 6 K
absorption-corrected data corresponding to the magnetic order. This refinement used the
magnetic symmetry files created on the Bilbao crystallography server for C2′2′21 and the
scale factor found from the refinement to the 30 K data. To account for the localized
nature of the Eu2+ magnetic moments, a refinement constraint of equal values of the total
ordered magnetic moment µ for both sites was used. Supplementary Figure 5 illustrates the
refinement which returned a goodness-of-fit value of RF = 20.3. The determined magnetic
structure at 6 K is the broken-helix order diagrammed in Fig. 1d as well as Supplementary
Figure 3 with turn angles of φrr = −78(8)◦ and φrb = 129(4)◦, and µ = 5.9(6) µB/Eu lying
within the ab plane.
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Supplementary Figure 4. Examples of Bragg peaks collected on TRIAX. a–d Measured
profiles for T = 6 and 30 K. Each peak was fit using the combination of a Gaussian lineshape
[y=A exp(− (x−x0)2)
2σ2
)] and a linear background. The obtained fit parameters and the corresponding
integrated intensities corrected by the Lorentz factor (labeled as Int) are displayed in each panel.
Supplementary Table II. Integrated intensities for Bragg peaks recorded on TRIAX at
T = 30 K. The correction for neutron absorption was applied using mag2pol [2].
(h, 0, l) Integrated Intensity Absorption Corr. Intensity
(1, 0, 0) 1.52± 0.10 2.13± 0.14
(1, 0, 2) 7.58± 0.21 10.95± 0.30
(1, 0, 3) 11.72± 0.25 17.58± 0.38
(0, 0, 6) 2.14± 0.11 5.35± 0.28
(1, 0, 4) 16.15± 0.69 25.61± 1.09
(2, 0, 0) 0.35± 0.03 0.51± 0.04
5
Supplementary Table III. Integrated intensities for Bragg peaks recorded on TRIAX at
T = 6 K. The correction for neutron absorption was applied using mag2pol [2]. When present,
nuclear contributions to the Bragg peaks were subtracted using the 30 K data given in Table. II.
(h, 0, l) Integrated Intensity Absorption Corr. Intensity
(1, 0, 0) + τ1 2.48± 0.18 3.48± 0.25
(0, 0, 5) 5.28± 0.16 15.05± 0.46
(1, 0, 1) 8.03± 0.37 11.34± 0.51
(1, 0, 2)− τ1 2.25± 0.15 3.22± 0.21
(1, 0, 3) 5.71± 0.43 8.57± 0.65
(0, 0, 6)− τ1 1.53± 0.08 3.98± 0.21
(1, 0, 4) + τ1 1.39± 0.09 2.25± 0.15
(2, 0, 0) + τ1 0.27± 0.04 0.39± 0.06
(2, 0, 2) + τ1 0.22± 0.04 0.32± 0.06
(2, 0, 3) 0.56± 0.09 0.83± 0.13
(2, 0, 4)− τ1 0.20± 0.03 0.30± 0.05
B. CORELLI investigation of the magnetic phases and their temperature depen-
dencies
CORELLI data allows us to precisely visualize the appearance of magnetic Bragg peaks
and their positions upon cooling down to T = 6 K. Figure 2b displays data from magnetic
order parameter measurements and Fig. 2c displays the temperature evolution of the incom-
mensurability associated with τ1 below TN1. Large sets of data collected at 6, 16.3 and 22 K
are shown in Fig. 1a and Supplementary Figure 2a. The positions of the magnetic peaks
at 6 K lead to the precise determination of the two antiferromagnetic (AF) propagation
vectors: (1) τ1 = (0, 0, τ1z) with τ1z = 0.303(1) corresponding to the incommensurate peaks;
(2) τ2 = (0, 0, 1) [5] corresponding to commensurate magnetic Bragg peaks. Note that for
τ2 some nuclear and magnetic Bragg peaks overlap. CORELLI data were also used to de-
termine symmetry aspects of the magnetic ordering. For instance, we observed the absence
of magnetic Bragg peaks along the (h00) direction. Supplementary Figure 6 further shows
that the (1, 0, 0) Bragg peak has no significant temperature dependence indicating that the
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Supplementary Figure 5. Calculated versus observed squares of the magnetic structure
factor F2 for the refinement to the data in Supplementary Table III using MSG
C2′2′21. The line indicates the refinement, which has a goodness of fit of RF = 20.3.
ordered moment does not have a ferromagnetic component along c. This information, along
with the magnetization data shown in Fig. 4b and Supplementary Figure 9b support the
conclusion that µ lies in the ab plane below TN1.
C. TRIAX and CORELLI determination of the TN2<T≤TN1 magnetic order
A reliable refinement of the TN2 < T ≤ TN1 data could not be completed due to the rather
weak magnetic intensities at these temperatures because of the smaller value of µ and the
strong neutron absorption. Nevertheless, data in Fig. 2b and Supplementary Figure 2 reveal
the systematic absence of Bragg peaks corresponding to τ2 for T > TN2. The presence of
magnetic Bragg peaks at positions corresponding to τ1 is in agreement with the stabilization
of pure 60◦-helix order and the reflection conditions for MSGs P612′2′ (No. 178.159), P6122
(No. 178.155), P652
′2′ (No. 179.165), and P6522 (No. 179.161). As shown by the group-
subgroup graph given in Supplementary Figure 16 and discussed further below, MSGs P6122
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Supplementary Figure 6. Temperature dependence of the integrated intensity of the
(1,0,0) Bragg peak measured on CORELLI . The featureless temperature dependence be-
tween T = 5.5 and 22 K indicates an absence of a ferromagnetic moment pointing along c.
and P6522 are inconsistent with the stabilization of broken-helix magnetic order with MSG
C2′2′21 for T < TN2. The remaining two MSGs (P612′2′ and P652′2′) represent right-handed
and left-handed chiral versions of the same pure 60◦-helix order and cannot be differentiated
between with our data. Using either one of these MSGs and the intensity of the (0, 0, 6)−τ1
reflection measured on TRIAX at 16 K (see Supplementary Figure 2b), we calculate that
µ = 2.0(2) µB/Eu at 16 K.
D. TRIAX order parameter measurement
Lastly, for comparison with Fig. 2b, absorption corrected TRIAX data for the temper-
ature dependencies of the (0, 0, 5) and (0, 0, 6 − τ1z) Bragg peaks are displayed in Supple-
mentary Figure 7.
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Supplementary Figure 7. Magnetic order parameters measured on TRIAX. The tempera-
ture evolutions of the integrated intensities of the (0, 0, 5) and (0, 0, 6 − τ1z) Bragg peaks. Lines
are guides to the eye. The top right inset displays the ratio of the integrated intensities of the two
peaks. The bottom right inset shows a simulation of the peaks intensities as a function of the helix
turn angle φrb.
II. MAGNETIC SUSCEPTIBILITY, MAGNETIZATION, AND RESISTANCE
Supplementary Figure 8a reproduces the magnetic order parameter plots determined from
neutron diffraction that are also shown in Fig. 2b. We find features corresponding to the
two Ne´el temperatures [TN1 = 17.6(2) and TN2 = 16.2(1) K] in magnetization, resistance,
and 151Eu Mo¨ssbauer spectroscopy measurments as well. Supplementary Figure 8b. shows
the temperature dependence of the magnetic susceptibility χ = M
H
and d(χT )
dT
for an applied
magnetic field of H = 100 Oe = 0.01 T. Changes in the slope of χ(T ) are evident near the
dashed lines indicating TN1 and TN2.
Standard 4-wire resistance (R) measurements were made on single-crystal samples down
to T = 2 K with a Quantum Design, Inc. Physical Property Measurement System using Pt
leads attached with Epotek H20E silver epoxy. Resistance data plotted in Supplementary
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Supplementary Figure 8. Temperature dependencies of magnetic order parameter, mag-
netic susceptibility, resistance, and 151Eu hyperfine field. a Magnetic order parameter of
the (2, 0, 1) and (2, 0, 2)±τ1 Bragg peaks measured on CORELLI [6] scaled to be 1 at T = 6 K. The
Ne´el temperatures TN1 and TN2 found by neutron diffraction are indicated by vertical dashed lines
through the different panels. b Magnetic susceptibility (red+blue) and its derivative with respect
to temperature (magenta+cyan). c Temperature evolution of the electrical resistance (red), and
its derivative with respect to temperature (magenta). d Temperature dependence of the Fourier
components of the hyperfine field (Bhf) from analysis of
151Eu Mo¨ssbauer spectra.
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Supplementary Figure 9. Curie-Weiss fit and magnetization versus magnetic field data at
T = 5 K. a The magnetic susceptibility (red) and its inverse (grey) plotted versus temperature for
an applied magnetic field of H = 0.1 T. The linear region of the inverse susceptibility is fitted with a
Curie-Weiss model (fuchsia). c Data from magnetization measurements performed for H ‖ c (red)
and H ⊥ c (blue). The field derivative of the H ⊥ c data (dMdH ) is also shown (cyan). Magnetic
anisotropy consistent with the ordered magnetic moment lying perpendicular to c is evident, and a
saturation magnetization of 7.00(6) µB/f.u. is obtained. The H ⊥ c data show an inflection point
at H ≈ 0.2 T that is visible as a peak in dMdH . 10 kOe = 1 T.
Figure 8c show a loss of spin-disorder scattering upon cooling through TN1 and a distinct
change in slope upon further cooling through TN2.
Supplementary Figure 8d shows that the Fourier components of the hyperfine field found
by 151Eu Mo¨ssbauer spectroscopy measurements also show evidence for the two magnetic
ordering transitions. More details concerning the Mo¨ssbauer measurements and the plots in
Supplementary Figure 8d are given in a separate section below.
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A Curie-Weiss fit to high-temperature χ(T ) data is shown in Supplementary Figure 9a
and yields an effective magnetic moment of µeff = 8.05(7) µB/Eu and a Weiss temperature
of θCW = 18.6(1) K. µeff is consistent with Eu
2+, whereas the positive value of θCW indicates
predominantly ferromagnetic interactions and likely reflects the magnetic interactions asso-
ciated with the ferromagnetically-aligned moments within the Eu planes. The Curie-Weiss
fits were performed after taking the appropriate polycrystalline average of data taken with
H applied either perpendicular or parallel to the crystalline c axis.
Magnetization versus field measurements made with H ⊥ c or H ‖ c reveal magnetic
anisotropy consistent with magnetic moments ordered solely within the ab-plane. These
data appear in Fig. 4b and in Supplementary Figure 9b. A saturated moment of µsat =
7.00(6) µB/f.u. is achieved as expected for Eu
2+, where Msat = gS = 7 µB/f.u. with g = 2
and S = 7/2. g is the spectroscopic splitting factor and S is the spin. Data for H ⊥ c show
an inflection point at H ≈ 2 kOe which is seen as a sharp peak in dM
dH
. This feature may
indicate a continuous crossover from helical- to fan-type AF order with increasing field [7].
III. DETAILS OF THE 151Eu MO¨SSBAUER STUDY
A. Method
151Eu Mo¨ssbauer spectroscopy measurements were carried out using a 4 GBq 151SmF3
source driven in sine mode and calibrated using a standard 57CoRh/α-Fe foil. Isomer shifts
are quoted relative to EuF3 at ambient temperature. The sample was cooled in a vibration-
isolated closed-cycle helium refrigerator with the sample in helium exchange gas. Spectra
for different temperatures are shown in Supplementary Figure 10.
In order to determine the hyperfine field Bhf , the spectra in Supplementary Figure 10 are
fit as follows. Spectra for T . 10 K and T & 18 K are fit to a sum of Lorentzian lineshapes
with the positions and intensities derived from a full solution to the nuclear Hamiltonian
[8]. However, spectra taken between 10 K and 18 K are fit using a model that derives a
distribution of hyperfine fields from an (assumed) incommensurate magnetic structure with
a sinusoidally modulated value for the ordered magnetic moment µ [9, 10]. We next describe
this distribution model.
If we denote the antiferromagnetic (AF) propagation vector as k (instead of τ ), assume
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Supplementary Figure 10. 151Eu Mo¨ssbauer spectra showing the evolution of the magnetic
order on heating from a temperature of T = 5 to 20 K. Solid lines are fits using the full
Hamiltonian (red lines, 5 K, 9 K and 20 K) or the incommensurate modulated model (magenta
lines). A description of the fitting procedure is given in the text.
that the modulation in µ along the direction of the propagation vector can be written in
terms of its Fourier components, and that the hyperfine field is a linear function of µ at any
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Supplementary Figure 11. Magnitude of the hyperfine magnetic field as a function of
distance along the direction of the magnetic-propagation vector for T = 16 K. kx = pi
corresponds to the length of the Brillouin zone along kx. Values of the Fourier components Bk0
and Bk1 discussed in the text are indicated.
given site, then the variation of Bhf with distance x along k can be written as:[9]
Bhf(kx) = Bk0 +
n∑
l=0
Bk2l+1 sin[(2l + 1)kx] . (1)
Bkn are the odd Fourier coefficients of the field modulation and kx is a position in reciprocal
space along the direction of k. As +Bhf and −Bhf are indistinguishable, kx only needs to run
over half the modulation period. Variations of this modeling have been used to fit spectra
for EuPdSb [9] and Eu4PdMg [11].
The fitting sequence is as follows: Starting with an initial set of Bkn, the evolution of
Bhf along k is evaluated as shown in Supplementary Figure 11. From Bhf versus kx, the
histogram in Supplementary Figure 12 is constructed, and the calculated 151Eu Mo¨ssbauer
spectrum is obtained through a sum of magnetic patterns weighted according to the his-
togram. A conventional non-linear least-squares minimization routine is then used to adjust
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Supplementary Figure 12. Histogram for fitting the T = 16 K Mossba¨uer spectrum.. Bhf
is the hyperfine field and P (Bhf) is the probability distribution of Bhf.
Bkn, a uniform baseline, an overall scale factor, and the isomer shift. It is essential to
note that since the modulation is explicitly assumed to be incommensurate with the crystal
lattice, positions along kx do not correspond to specific positions in the chemical unit cell.
Rather, they represent how Bhf is sampled by the Eu. As the periodicity of the modulation
and the crystal cell are not related by a simple rational fraction, neighboring points along
the kx axis will be far apart in real space.
B. Results
The room temperature 151Eu Mo¨ssbauer spectrum has a single peak much like the T =
20 K spectrum shown in Supplementary Figure 10. Fitting the spectrum gives an isomer shift
of −11.35(2) mm/s, indicating Eu2+. No trivalent impurity (within a sensitivity of 1%) was
detected. The similar isomer shifts at 20 K (−11.28(1) mm/s) and 5 K (−11.20(2) mm/s)
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confirm that the valence does not change over the temperature range studied. The fitted
Bhf of 26.46(5) T at 5 K is typical of a fully ordered Eu
2+ moment [12], and the sharp lines
are consistent with the Eu being in a single magnetic environment at 5 K. The trigonal 3¯m.
point symmetry of the Eu site leads to the requirement of an axially-symmetric electric-
field-gradient tensor, so the measurements are not sensitive to rotations of µ about c.
Supplementary Figure 10 shows that increasing the temperature not only leads to a
gradual reduction in Bhf, but also to a clear increase in the linewidth. This broadening
reflects a distribution of environments for the Eu, and may arise from either dynamic effects
(e.g. slow paramagnetic relaxation) or from a static distribution of hyperfine fields. The
former is inconsistent with both the observed evolution of the spectral shapes and with the
continued observation of well-defined magnetic Bragg peaks in the neutron diffraction data.
This leaves a static distribution of hyperfine fields as the source of the line broadening.
As Eu2+ is the only magnetic species present, a distribution in Bhf necessarily reflects a
distribution of moment magnitudes µ. We therefore turn to the distribution model given by
Supplementary Equation (1) that has been successful in describing the order in a number
Eu- and Fe- based compounds [9–11, 13]. The solid lines through the spectra shown in
Supplementary Figure 10 for 9 < T ≤ 18 K demonstrate that this model provides an
excellent description of the spectra.
Looking at Supplementary Figure 8d, for T = 6 K only the uniform term is needed
and Bavg is equivalent to Bk0. Thus, at 6 K no modulation of µ is present, in agreement
with the magnetic structure determined by neutron diffraction. However, by 11 K a weak
modulation is needed to fit the spectrum: Bk1 is no longer zero and Bk0 starts to fall below
Bavg. Bk1(T ) peaks at ≈ 16 K and Bk0 is only lost by 18 K. Fitting Bavg(T ) to a J = 72
Brillouin function (appropriate for Eu2+) yields 17.5(1) K, while doing the same for Bk0(T )
gives 15.9(1) K, which is also where Bk1(T ) peaks. These two ordering temperatures are
in good agreement with TN1 = 17.6(2) K and TN2 = 16.2(1) K. determined by neutron
diffraction. We also remark that Bk1(T ) is finite proximate to the AF phase transitions,
suggesting that the inferred modulation in µ may be related to the critical region around
these phase transitions.
To summarize, our Mo¨ssbauer measurements indicate that the initial AF order that de-
velops on cooling through 17.5 K is dominated by an incommensurate, sine-like, modulation
of µ along the direction of the AF propagation vector, but a significant uniform contribution
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Supplementary Figure 13. Further results from density-functional-theory calculations
including spin-orbit coupling. a–e Results from calculations made after adiabatically changing
the turn angle φrb associated with the broken-helix ground state. The value for φrb is indicated
in each panel by the top-right number. f Results for a ferromagnetic ground state with moments
oriented along x. The relationship of x to the lattice is shown in the included diagram.
is likely also present. On further cooling, both contributions grow, but at 16 K the modula-
tion starts to decline and the uniform term quickly dominates, until by 9 K only order with
a uniform (fixed-size) value of µ remains.
IV. ADDITIONAL DENSITY FUNCTIONAL THEORY RESULTS
Density functional theory (DFT) calculations including spin-orbit coupling were made
after adiabatically changing φrb, in accordance with φrr +2φrb = 180
◦ and the blue moments
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alternately pointing along ±[1¯10], to values spanning the region between pure 60◦-helix and
A-type order shown in Fig. 2a of the main text. Results of these calculations are shown in
Figs. 3b–3d and Supplementary Figures 13a–13e, where the value of φrb for each panel is
indicated by the number at the top right. As described in the main text, band-inversion
and the electronic-band gap remain over the whole region which implies that θ = pi over the
whole region. Supplementary Figure 13f shows that for ferromagnetic order with the ordered
moment lying within the basal plane band inversion remains but degeneracy is lifted and a
Fermi surface forms. A 12×12×3 k-point mesh was used for the ferromagnetic calculation.
V. SYMMETRY ANALYSIS OF THE MAGNETIC PHASES
In this section, we provide a detailed symmetry analysis of the magnetic space groups
(MSGs) for the two observed magnetic phases: (i) the pure 60◦-helix order emerging upon
cooling through TN1 = 17.6(2) K, and (ii) the broken-helix order existing for T ≤ TN2.
The material crystallizes according to the crystallographic space group (SG) P63/mmc (No.
194) and is built of hexagonal layers of Eu alternating with blocks of In2As2 along the
crystallographic c axis [3, 4], see Fig. 1c. The unit cell contains two Eu layers separated
by a distance of c/2. In this section, the c axis will also be denoted as cˆ ≡ [001] or zˆ, and
in Supplementary Figure 14a we depict our choice of xˆ, yˆ, and zˆ axes with respect to the
in-plane hexagonal directions aˆ ≡ [100] and bˆ ≡ [010].
The crystallographic space group P63/mmc (No. 194) is generated by the following el-
ements: inversion (I), a 2pi/3 rotation around zˆ (C3,[001]), a pi rotation around zˆ followed
by a c
2
translation along zˆ ({C2,[001]
∣∣ 00 c
2
}), and a pi rotation around [100]: C2,[100]. In the
paramagnetic phase, the MSG is P63/mmc1
′ (No. 194.264), which is a grey group contain-
ing time-reversal [T (also indicated by the prime symbol)] combined with any symmetry
operation of the crystallographic SG.
The two helical magnetically ordered phases are described by a magnetic unit cell that
is three times larger along cˆ than the crystallographic unit cell, cmag = 3c. As a result,
the two additional translations cˆ and 2cˆ, which are cˆmag/3 and 2cˆmag/3 with respect to the
magnetic unit cell, need to be considered. Combined with the crystallographic SG, this leads
to additional symmetry operations which are non-symmorphic with respect to the magnetic
unit cell. Moreover, while T by itself is no longer a symmetry element of the magnetically
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ordered phase, T combined with some spatial operations of the crystallographic SG are
symmetry elements of the magnetic phase, and the MSG is of black-white type. The MSG
is defined by the subset of operations generated by the generators of the paramagnetic
MSG P63/mmc1
′ combined with the translations {cˆ = cˆmag/3, 2cˆ = cˆmag/3} which leave the
magnetic order invariant.
A. Pure 60◦-helix magnetic order
We first analyze the symmetries of the pure 60◦-helix phase that appears upon cooling
through TN1 = 17.6(2) K as shown in Fig. 2b in the main text. The ordered magnetic
moments µ are ferromagnetically aligned in each Eu layer. As shown in Supplementary
Figure 14, neighboring layers are oriented at an angle of ±60◦ to each other such that the
structure describes a pure 60◦ helix propagating along zˆ. This magnetic structure repeats
every six Eu-layers, leading to a tripling of the chemical unit cell. The ordered moments in
layers 3 and 6 point along the high-symmetry directions [1¯10] and [11¯0] (denoted in blue),
respectively. We verified that there are 12 magnetic symmetry operations that leave the
structure invariant. For a helix that rotates counterclockwise around cˆ, the corresponding
MSG is P612
′2′ (No. 178.159), which is generated by the set
{
1,
{
C2,[001]
∣∣ 00cmag
2
}
, C3,[001]
{
1| 00cmag
3
}
, T C2,[100]
}
, (2)
where 1 is the identity element. Note that a helix with opposite helicity (i.e. clockwise
rotation around cˆ) is described by MSG P652
′2′ (No. 179.165).
The symmetry of the pure 60◦-helix order can be readily checked graphically, as shown
in Supplementary Figure 14. It is important to note that a rotation around an axis different
from [001] leads to a reshuffling of the Eu-layers as shown in Supplementary Figures 14b
and 14c for C2,[100]. The reshuffling depends on the choice of origin of the coordinate system.
Here, we choose the origin to lie in Eu layer 2. Whereas the form of the generators depends
on the choice of origin, the resulting MSG [P612
′2′ (No. 178.159)] is independent of the
origin choice.
Importantly, these MSGs contain the element T C2,[100], which reverses an odd number of
space-time dimensions, and therefore leads to a quantization of the magnetoelectric coupling
(axion) angle θ. Further, the magnetic symmetry T C2,[100] protects exotic unpinned gapless
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surface Dirac states on the (21¯0) surface [14]. This MSG contains five more 2′ = T C2 =
elements that protect unpinned Dirac cones on five more surfaces. These are the surfaces
(1¯20) and (110), which are related to (21¯0) by C3,[001] and C
2
3,[001] rotations, respectively,
as well as the surfaces (100), (010) and (1¯10), which are related to each other by C3,[001]
rotations. A list of the 2′ symmetry axes and surfaces with gapless Dirac cones for the
various magnetic phases is given in Fig. 4c.
B. Broken-helix magnetic order
In the broken-helix state occurring for T ≤ TN2 = 16.2(1) K, the (blue) ordered magnetic
moments in Eu-layers 3 and 6 continue to point along the high-symmetry directions [1¯10]
and [11¯0], respectively. The red ordered moments (red layers), however, are not oriented at
±60◦ with respect to the layer immediately above or below as shown in Figs. 1d, 2a, and
Supplementary Figure 3. As a result, C3,[001], which is a symmetry element for the 60
◦-helix
order, is lost in the broken-helix state. The broken-helix phase is described by MSG C2′2′21
(No. 20.33), which is generated by the element set
{1,{C2,[001]∣∣ 00cmag
2
}
, T C2,[110]} . (3)
Here, we have set the origin to lie in Eu layer 3 (blue). Since the MSG contains the element
T C2[110], θ is still quantized. The [110] direction is perpendicular to the high-symmetry
direction of the blue moments. Note that, in contrast to the 60◦-helix order, here we only
have two 2′ operations, one 2′ axis along [110] and the other along [11¯0]. This has profound
consequences on the location of the unpinned gapless surface Dirac cones protected by 2′
[14]: they appear only on (110) and (1¯10) surfaces for broken-helix magnetic order, whereas
they can also be found on four other surfaces [(100), (010), (2¯10) and (1¯20)] for the pure
60◦ helix state.
C. Collinear A-type magnetic order
We next consider A-type antiferromagnetic order similar to that discussed in Supplemen-
tary Reference [15] for MSG Cmcm (No. 63.457) and ordered moments lying along [100].
Here, the ordered Eu magnetic moments are again ferromagnetically-aligned in each Eu-
layer, but the stacking along cˆ is simply antiferromagnetic. In contrast to Supplementary
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Supplementary Figure 14. Action of T C2,[100] on pure 60◦-helix order. a, Crystallographic
aˆ, bˆ and cˆ axes for hexagonal EuIn2As2 together with our choice of xˆ, yˆ and zˆ axes. b, 60
◦-helix
order where two magnetic unit cells are shown. c, d, The remaining panels show the action of
T C2,[100] on the 60◦-helix phase: a pi rotation around the [100] axis (c) followed by a time-reversal
operation (d) leaves the initial structure invariant. Therefore, T C2,[100] is a symmetry operation
of the pure 60◦-helix order. One of the Eu-layers is highlighted to facilitate the visualization of
the action of each of the space-time transformations. Note that we set the origin of the coordinate
system in the second Eu layer.
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Supplementary Figure 15. Action of T C2,[110] on broken-helix order. a, Initial magnetic
structure, where two magnetic unit cells are shown. b, c, A pi rotation around the [110] axis (b)
followed by a time-reversal operation (c) leaves the initial structure invariant. Therefore, T C2,[110]
is a symmetry operation of the broken-helix structure. Similar to Supplementary Figure 14, one
of the Eu-layers is highlighted to facilitate the visualization of the action of each of the space-time
transformations. Here, the origin of the coordinate system is set in the third Eu layer.
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Reference [15], we consider moments lying parallel to the high-symmetry [1¯10] directions
and use MSG Cm′c′m. The A-type order is smoothly connected to the experimentally de-
termined broken-helix and pure 60◦-helix orders by varying the helical-turn angles φrb and
φrr, where φrr = pi − 2φrb as shown in Fig. 2a of the main text. |φrb| = |φrr| = pi for the
A-type state. Since the crystallographic unit cell contains two Eu layers, the magnetic unit
cell is equal to the crystallographic one in this case. The MSG of A-type order with ordered
moments along [11¯0] is Cm′c′m (No. 63.462), which is generated by
{1, I,{C2,[001]∣∣ 00 c
2
}
, T C2,[110]} . (4)
We find that gapless surface Dirac cones, which can be shifted away from the center of the
surface Brillouin zone, occur on the (110) and (1¯10) surfaces. In contrast to the 60◦-helix
order and the broken-helix order, here the Dirac cones are constrained to occur along the
Γ¯-X¯ direction of the surface Brillouin zones due to the mirror symmetry
{
m[001]
∣∣ 00 c
2
}
that
is preserved on both surfaces.
Importantly, due to the presence of I the energy bands have well-defined parity. This
allows us to easily infer the value of θ by analyzing the parity-based Z4 invariant, as explained
in the main text. By our DFT calculations, we find Z4 = 2 for the A-type state, which
corresponds to θ = pi and an axion insulator (AXI) phase. As our DFT results show
that the band gap never closes when we continuously change the angles φrb and φrr from
|φrr| = |φrb| = pi to their experimentally determined values in the broken- and 60◦-helix
states, we conclude that both the broken- and pure 60◦-helix states also have θ = pi and
are therefore AXIs. Note that while I is absent in the experimentally determined helical
structures, the combination T C2 = 2′ guarantees quantization of θ, as it reverses an odd
number of space-time coordinates. Finally, we note that, as discussed in Supplementary
Reference [15], A-type order with ordered moments along [100] or [010] is described by MSG
Cmcm (No. 63.457), whereas A-type order with moments along [001] is described by MSG
P63′/m
′m′c (No. 194.268).
D. Magnetic phase transitions and magnetic subgroup relations
Several magnetic phase transitions occur in EuIn2As2 upon cooling, which in Landau
theory for second-order phase transitions may be related to transitions from a symmetry
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group to one of its subgroups. Starting from the high-temperature paramagnetic phase, the
compound undergoes a transition to pure 60◦-helix order below TN1 = 17.6(2) K, followed
by a second transition to broken-helix order below TN2 = 16.2(1) K. From the point of view
of group-subgroup relations, there are three different paths the system could follow between
the high-temperature MSG P63/mmc1
′ and the low-temperature MSG C2′2′21 as shown in
Supplementary Figure 16. The left path in Supplementary Figure 16 corresponds to the
Eu moments first aligning ferromagnetically along [001], followed by a transition to A-type
order, and finally by a third transition to the broken-helix phase. This path is ruled out
by our neutron diffraction data, since no out-of-plane component of the ordered magnetic
moment is observed (see Supplementary Figure 6) and only two ordering transitions were
seen.
The other two paths in Supplementary Figure 16 correspond to transitions from the
paramagnetic state to pure 60◦-helix order and, finally, to the broken-helix state. Based
on our experiments, both of these routes are possible with the only difference between the
two cases being the handedness (chirality) of the pure 60◦ helix phases: the moments rotate
clockwise around [001] for the center path and counterclockwise around [001] for the right
path. It is important to note that the handedness of the helical states cannot be resolved
from our data, and it is likely that domains with different handedness coexist in the sample.
Also, note that the broken-helix state also exhibits a handedness, yet both right- and left-
handed chiralities are described by MSG C2′2′21.
E. Field-polarized magnetic order
Polarizing the Eu moments along a specific direction via applying an external magnetic
field offers tuning of the topological properties of the material. As shown in Fig. 4b and
Supplementary Figure 9b, at T = 5 K a magnetic field of H ≈ 1 to 2 T aligns the Eu
magnetic moments parallel to the field, which corresponds to a field-polarized state. Below,
we study the symmetry and topological consequences of a field-polarized state by considering
three orientations for the external field.
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C2′2′21
Cm′c′m
P612
′2′
P652
′2′
P63/mmc1
′
P63/mm
′c′
Supplementary Figure 16. Magnetic group–subgroup tree connecting the paramagnetic magnetic
space group (MSG) P63/mmc1
′ to MSG C2′2′21, which corresponds to the broken-helix order.
The middle and right paths reach the low-temperature phase via intermediate 60◦ helical order
propagating along c with either counterclockwise (right path) or clockwise (center path) chirality.
Both of these paths agree with the experimental results. The left path traverses A-type order
(Cm′c′m) with moments along [1¯10] (or [11¯0]), which is not experimentally realized. This diagram
is taken from Supplementary Reference [1].
1. Perfectly-polarized phase with moments along [1¯10]
We first consider a magnetic field along the high-symmetry direction [1¯10], which is the
direction that the blue Eu ordered magnetic moments lie along. The resulting field-polarized
state with all moments aligned along [1¯10] is characterized by MSG Cm′cm′ (No. 63.464),
which is generated by
{1, I, T {C2,[001]∣∣ 00 c
2
}
, T C2,[110]} . (5)
In this phase, there is both T C2,[110] ≡ 2′[110] and T
{
C2,[001]
∣∣ 00 c
2
} ≡ {2′[001]∣∣∣ 00 c2}. While
the former protects a gapless Dirac cone on the (110) surface, the latter is a screw axis
that is naturally broken on the (001) surface. Therefore, (110) is the only surface hosting
an exotic surface state in this polarized phase. Importantly, because the mirror symmetry{
m[1¯10]
∣∣ 00 c
2
}
is preserved in this surface, the Dirac cone occurs along the Γ¯-Z¯ direction in
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the surface Brillouin zone.
2. Perfectly-polarized phase with moments along [100]
Another possibility is to align the Eu moments along [100]. In this case, the MSG is
Cmc′m′ (No. 63.463), with generators{
1, I, C2,[100], T
{
C2,[001]
∣∣ 00 c
2
}}
. (6)
The combinations of the generators in Supplementary Equation (6) result in two 2′ op-
erations:
{
2′[001]
∣∣∣ 00 c2} and {2′[120]∣∣∣ 00 c2}. As above, the screw operation {2′[001]∣∣∣ 00 c2} is
naturally broken on the (001) surface. Therefore, here we only have a Dirac surface state on
the (010) surface, which is pinned along the Γ¯-Z¯ direction due to an additional m[100] mirror
symmetry.
3. Perfectly-polarized phase with moments along [001]
If we apply a magnetic field perpendicular to the Eu layers so that the moments align
parallel to cˆ, we obtain a magnetic state belonging to MSG P63/mm
′c′ (No. 194.270). The
generators of this group are
{1, I, C3,[001],
{
C2,[001]
∣∣ 00 c
2
}
, T C2,[100]} . (7)
They give rise to 24 symmetry operations, among which six are combinations of T and C2
rotations. These 2′ operations can be grouped into two different classes: one class contains
the element 2′[100] and those related to it by C3,[001]. As a consequence, Dirac surface states
emerge on the surfaces (21¯0), (12¯0) and (110). The second class contains the element{
2′[120]
∣∣∣ 00 c2} and those related to it by C3,[001]. Note that the direction of these 2′ operations
are normal to the side faces of the hexagonal crystallographic unit cell, and they protect
Dirac surface states on the (100), (010) and (11¯0) surfaces.
Note that the surfaces hosting exotic states are the same as those for pure 60◦-helix
order. The difference here is that the Dirac cones are no longer completely unpinned, but
are constrained to occur along Γ¯-X¯ because of the additional mirror symmetry
{
m[001]
∣∣ 00 c
2
}
resulting from the combination of inversion I and the screw operation {C2,[001]∣∣ 00 c2}.
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MSG XBS
Perfect helix P612
′2′ (No. 178.159) 1
Broken helix C2′2′21 (No. 20.33) 1
A-type ‖ [1¯10] Cm′c′m (No. 63.462) 2
Field-pol. ‖ [1¯10] Cm′cm′ (No. 63.464) (2, 2)
Field-pol. ‖ [100] (or [010]) Cmc′m′ (No. 63.464) (2, 2)
Field-pol. ‖ [001] P63/mm′c′ (No. 194.270) (3, 6)
Supplementary Table IV. Symmetry-based indicators of band topology taken from Supplementary
Reference 16 for all of the magnetic phases described in this section.
F. Discussion
It becomes evident from the previous analysis that we can use an external magnetic field
to either induce or destroy topological states on different surfaces of EuIn2As2. For instance,
applying a magnetic field along [1¯10] inside the pure 60◦-helix phase gaps out Dirac cones on
(100), (010), (21¯0) and (12¯0) surfaces and pins the gapless Dirac cones on (110) and (11¯0) to
the Γ¯-Z¯ direction in the surface Brillouin zone. If, on the other hand, a field parallel to [001]
is applied in the pure 60◦-helix phase, the Dirac cones remain gapless on all six surfaces but
are now all constrained to lie along the Γ¯-X¯ direction.
In Supplementary Table IV, we show the symmetry-based indicators XBS of topology for
the magnetic helical phases and the field-polarized phases. While symmetry indicators are
absent for the MSGs describing the two helical phases, since XBS = 1 means that there exist
no symmetry indicators, the MSGs of A-type order and the field-polarized phases feature
differing symmetry-based indicators.
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